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Abstract

Anthropogenically-produced nanoparticles are a form of nanotechnology being used in
industries including food and textiles. Humans and livestock are frequently exposed to metalcontaining nanoparticles (MCNPs), that have been washed into streams and rivers, have been
deliberately used in food packaging as antimicrobials, preservatives or for supplementation. The
animal microbiome, which consists of a diverse community of microorganisms, provides a
number of benefits to the host in terms of nutrition availability, immune support, and can
influence behavior. Biofilms of diverse microbes may cause detrimental effects, for instance by
causing dental diseases in humans. However, the scientific community has not reached
consensus on if direct contact with MCNPs is harmful to animals and or the microbiomes. This
study exposed the microbiota of the planarian flatworm Girardia tigrine and developing
microbial biofilms to MCNPs to investigate their effect on biofilms and the microbiome of this
model organism. Zinc oxide (ZnO), copper silicon (CuSi), and tribasic copper chloride (TBCC)
nanoparticles were used at 6 different concentrations. ZnO NPs, CuSi NPs, and TBCC NPs,
inhibited the formation of a mixed community plastic-adherent biofilm as determined by plate
assay. The pure culture Staphylococcus aureus F-182 biofilm was inhibited by ZnO NPs and
CuSi NPs but was not inhibited when exposed to TBCC NPs. The planarian microbiome
experienced a pronounced shift from Betaproteobacteria to Gammaproteobacteria when exposed
to ZnO NPs, and CuSi NPs. Of the MCNPs CuSi NPs increased the diversity of the microbiome
while TBCC treatment induced minimal microbiome disruption as compared to untreated
control.
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Introduction
Gut Microbiome
The microbiome is a complex community of microorganisms consisting of bacteria,
viruses, protozoa, and fungi, living in different districts of the human body, such as the
gastroenteric tube, skin, mouth, and respiratory system (Sender et al., 2016). Over 70% of the
human microbiota lives in the gastrointestinal tract, steadily increasing in species diversity from
the gastric lumen to the large intestine (Pascale et al., 2018). The microbiome of the GI tract has
co-evolved with the host to form an intricate mutualistic symbiotic relationship. The
development of the human gut microbiome begins immediately after birth and its composition is
strongly influenced by the type of birth, whether natural or cesarean, the individual’s genetics,
and environmental factors (Backhed, 2015). The gut microbiota is heavily influenced by host
nutrition whether it be artificial, heavily processed, or natural products (Pascale et al., 2018). The
microbiome provides the host with help in maintaining the integrity of the mucosal barrier,
providing nutrients such as vitamins including short-chain fatty acids, B vitamins, and vitamin K,
protecting against pathogens, and regulating host immunity (Thursby & Juge, 2017).
Bacteria of the gut microbiome can promote cell renewal and wound healing in the case
of Lactobacilli rhamnosus (Swanson II et al., 2011). Several other species have also been
implicated in promoting the epithelial integrity and bacteria modulate mucosal properties and
turnover (Thursby & Juge, 2017). Petersson investigated the role of the mucus barrier in
induction of colitis in mice (Petersson, 2011). Mice raised in a germ-free environment had an
extremely thin adherent colonic mucus layer, which can result in colonic bacteria invading the
mucosa and causing inflammation. Bacterial products such as peptidoglycan and
lipopolysaccharides were found to increase the thickness of the adherent mucus layer and was
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restored to levels that were observed in conventionally reared mice (Petersson, 2011). Germ-free
mice have reduced expansion of CD4+ T-cell populations which is a major immune deficiency.
However, the deficiency was reversed by the treatment of germ-free mice with polysaccharide A
from the capsule of Bacteroides fragilis (Mazmanian, 2005). Such microbial effectors mediate
processes that can ameliorate certain inflammatory gut disorders and help differentiate between
beneficial and pathogenic bacteria and increase the number of immune cells (Hevia, 2015). B.
fragilis can also secrete membrane vesicles that reduce gut mucosal inflammation via regulatory
T cell-independent mechanisms (Chu 2016).
The gut microbiome facilitates strengthening of the epithelial wall and mucosal
membrane, of the gut, as well as providing nutrition. The major fermentation products in healthy
adults are gases and organic acids, particularly the three short-chain fatty acids (SCFAs) acetate,
propionate, and butyrate (Louis, 2014). The three SCFAs are typically found in a 3:1:1 ratio, and
they play a key role in the maintenance of gut and metabolic health (Louis, 2014; Blaak, 2020).
These SCFAs are absorbed by the epithelial cells of the GI tract that are involved in maintaining
the mucosal barrier and they use the SCFAs in the regulation of cellular processes such as gene
expression, chemotaxis, differentiation, proliferation, and apoptosis (Corres-Oliveira, 2016).
Acetate is produced by most gut anaerobes whereas propionate and butyrate are produced by
different subsets of gut bacteria such as Faecalibacterium prausnitzii and Eubacterium rectale
(Louis, 2017). Butyrate is formed from acetyl-CoA whereas propionate, depending on the nature
of the sugar, has two pathways: the succinate or the propanediol pathway (Louis, 2017). Butyrate
is known for its anti-inflammatory and anticancer properties; it can also attenuate bacterial
translocation and enhance gut barrier function by affecting tight-junction assembly and mucin
synthesis (Morrison, 2016). There are many other gut microbial products helpful to the survival
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of the host. For example, lactic acid bacteria are probiotic microorganisms commonly found in
yogurt that are involved in the production of vitamin B12, which cannot be synthesized by either
animals, plants, or fungi. Bifidobacteria are main producers of folate, a vitamin involved in vital
host metabolic processes including DNA synthesis and repair (Thursby& Juge, 2017). Colonic
bacteria can also metabolize bile acids that are not reabsorbed for biotransformation to secondary
bile acids. The human gut microbiota has also been shown to synthesize vitamin K, riboflavin,
biotin, nicotinic acid, pantothenic acid, pyridoxine, and thiamine (Leblanc, 2013).
One of the roles of the animal microbiome is to defend the host against pathogens.
Modification in the microbiota composition can lead to several diseases, including metabolic
diseases, such as obesity, diabetes, and cardiovascular disorders (Pascale, 2018). Some properties
of the microbiota have been researched and understood, such as digesting foods and assisting the
immune system in defending against pathogens. Recent research indicates the microbiome,
shaped largely by diet, plays a role in the behavior and regeneration of an organism. The use of
nanoparticles has expanded into various industries including food manufacturing, which has
allowed metal containing nanoparticles (MCNPs) to access the human gastrointestinal tract
(Ghebretatios et al., 2021). Little is known about how they may impact human health and as the
gut microbiome continues to be increasingly implicated in various diseases of unknown etiology,
researchers have begun studying the potentially toxic effects of these MCNPs on the gut
microbiome (Ghebretatios et al., 2021). The microbial flora live in communities forming
biofilms that reside in the saliva, gastrointestinal tract, oral cavity, ear canal, and mucosa and
help mammals in numerous metabolic activities, including ATP production, vitamin synthesis,
and in the innate defense mechanisms against pathogens (Rimondini et al., 2014) In some
instances, however, the growth of these mutually beneficial microorganisms can become
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uncontrolled, leading to infection (Bjarnsholt, 2013; Rimondini et al., 2014). Bacterial infections
are the most common type of acute and chronic infections causing worldwide morbidity
(Khatoon et al., 2018).
Planaria
Planarians are a series of several species of free-living flatworms that display bilateral
symmetry (Pagan, 2017). Planarians have long been known to possess astonishing regenerative
capabilities. If a planarian worm is chopped into three pieces, each of the piece’s regenerates
back into a complete and perfectly proportioned animal within 2 weeks (Ivankovic, 2019).
Hundreds of planarian species exist worldwide in marine, freshwater or terrestrial habitats and
the regenerative abilities vary greatly among different species (Ivankovic, 2019). Freshwater
planaria have been used as testing models in various scientific fields, such as aging,
pharmacology, drug abuse, human diseases, ciliary assembly and motility, chemical toxicity,
teratogenicity, tumorigenicity, neurotoxicology, carcinogenicity, stem cell biology and
regenerative medicine (Wu and Li, 2018).
Since the 1970’s, planarians have been understood to be model organisms in
pharmacological studies related to drug abuse for several reasons. Planarian possesses a
primitive brain that has many features in common with vertebrate nervous systems, such as
multipolar neurons and dendritic spines, they also possess nearly every neurotransmitter that has
been found in mammals (Pagan et al., 2012). Planaria, due to their shared neurotransmitters,
display behaviors associated with drug abuse; specifically withdraw-like behaviors similar to
humans. Consequently, planarian are ideal organisms to study drug abuse and neurological
diseases (Pagan, 2017).
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Planaria are extremely sensitive to low concentrations of harmful substances in aquatic
ecosystems and are widely used as water quality indicator species to provide early warning of
harmful pollution in aquatic ecosystems (Ding et al., 2019; Hagstrom et al., 2017). Some rivers
of Malaysia have been examined for AgNPs and have found concentration of 10 μg/ml
(Syafiuddin, 2018; Bijnens et al., 2021). When the planaria Schmidtea mediterranea was
exposed to AgNPs in a heterogenous mixture, at the same levels found in Malaysian rivers, it
displayed sublethal adverse effects (Leynen, 2019).
At lower NP concentrations planaria may not display behaviors associated with toxic
substances but may have induced changes within their microbiome. Bijnens et al., 2021 observed
a shift of the microbial composition of the microbiome of S. mediterranea. The impact of these
bacterial community shifts on planarian health and physiology is still unknown and need to be
investigated to fully assess toxicity of NPs (Bijnens et al., 2021). The exact role of the
microbiome in the planaria remains to be fully elucidated; however, it is known that a pathogenic
shift in the microbiome of planaria impedes tissue regeneration (Arnold et al., 2016).
Planarian Microbiome
Few studies have analyzed the microbiome of planaria species and even fewer have
researched the effects of NPs on the microbiome of planaria. Of these, one exposed the
microbiome of the planarian Dugesia japonica to microplastics and measured the effects through
16S rRNA gene sequencing, a form of metagenomic analysis. In unexposed microbiomes,
Proteobacteria were found to be dominant in D. japonica microbiome with some of the genera
detected identified as Rhodoferax, Chryseobacterium, Pseudomonas, and Enterobacter (Han et
al., 2022).
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To determine the toxicity of Ag NPs, Schmidtea mediterranea was used as the model
organisms. The relative composition of bacteria in non-exposed S. mediterranea mainly
consisted of representatives of the phyla Proteobacteria and Bacteroidetes, with the dominant
classes being Gammaproteobacteria and Bacteroidia (Bijnens et al., 2021). Proteobacteria
comprised of the order Betaproteobacteriales, family Burkholderiaceae, and the genera
Curvibacter and Undibacterium. The phyla Acidobacteria, Actinobacteria, Armantimonadetes,
Firmicutes and Planctomycetes were also present, although their relative abundance was less
than 1% averaged over worm samples not exposed to Ag NPs (Bijnens et al., 2021). The
planarian Stenostomum leucops was used in a study about the microbiome’s role in host gene
expression. A comparison of the microbiomes found in the three strains of Stenostomum
analyzed showed that it was highly variable in the number and composition of microbial species.
Of a total of 156 species, only one bacterial taxon (Bacillus cereus sp. group) was shared by all
strains (Rosa and Loreto, 2019).
Bacterial Biofilms
Biofilms are found in almost every aspect of our lives and play a significant role in the
survival of many organisms on this planet. However, there are also negative consequences of
biofilms which include their defining role in an extensive variety of infections (Costerton et al.,
1999) and their role in the biofouling of surfaces which has negative impacts in the process
industries (Fulaz et al., 2019). A biofilm is an organized aggregate of microorganisms living
within a self-produced matrix of extracellular polymeric substances (EPS) that is attached to a
surface (Yin et al., 2019). Biofilms can form on virtually any surface providing all the necessary
components for the biofilm’s survival are present. Biofilms form on teeth, as dental plaque, in
our guts as the microbiome, rocks as photosynthetic algae, in pipes, and even on medical
6

implants. Biofilm formation begins when a planktonic bacterium meets a surface that best
describes its niche. That individual bacteria will form pili and fimbria to bind to the surface
temporarily and then permanently. After a couple of hours or days, depending on the species of
bacteria, other bacteria and microbes will be recruited and become part of the biofilm, this would
form a microcolony. The aggregate of bacteria will start to produce a sticky/slimy matrix that
consists of extracellular polymeric substances (EPS). EPS are mainly composed of
polysaccharides, proteins, lipids, and nucleic acids, which form a highly hydrated polar mixture
that contributes to the overall scaffold and three-dimensional structure of a biofilm (Yin et al.,
2019).
Cells within biofilms are resistant to many different environmental insults, including UV
damage, metal toxicity, anaerobic conditions, acid exposure, salinity, pH gradients, desiccation,
bacteriophages, and amoebae (Hall-Stoodley et al., 2004; Costerton et al., 1999; Römling &
Balsalobre, 2012). Biofilms also can defend against a range of chemically diverse biocides and
antibiotics that are utilized in industrial and clinical settings. Biofilms that develop on medical
implants impose a dangerous and persisting problem for the patients. Biofilms that have formed
on implanted medical devices cause chronic infections which can only be treated by their
removal and leads to the un-affordable treatment as well as mental illness to patients (Costerton
et al., 2005; Høiby et al., 2011). Biofilms have at least three proposed mechanisms of resistance
that include, reduced penetration of antimicrobials into the biofilm, inactivation of antimicrobial
agents by EPS components and, the altered metabolic state of bacterial cells within the biofilm
(Flemming et al., 2016; Bertoglio et al., 2018).
The biofilm matrix serves as a physical barrier and their thickness and chemical
composition can prevent the perfusion of antimicrobials such as antibiotics (Dunne, 1993). A
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small portion of the antibiotics are able to pass through the barrier but are faced with the polar
EPS molecules that bind to charged antibiotics and form a shelter for microorganisms (Nadell,
2015). This allows the microbes associated inside the biofilm to establish a tolerance to the
antibiotics (Fuente-Nu ́n ̃ez, 2013), increasing the number of antibiotic-resistant bacteria strains,
which results in the prevalence of untreatable bacterial infections. EPS causes the formation of
different gradients inside the biofilm community such as nutrient, oxygen and, pH (Flemming,
2016; Flemming et al., 2016) and this leads bacteria to respond differently based on the
condition they find (Bertoglio et al., 2018). Low nutrients and oxygen paucity may lead to a
dormant state, in which these so-called persister cells are still viable but not actively
proliferating, being therefore non-susceptible to most antimicrobial treatments (Brown et al.,
1988; Lewis, 2007). Efflux pumps such as the PA1874-1877 in Pseudomonas aeruginosa, is
used to transport antibiotics to prevent toxic accumulation (Zhang & Mah, 2008). These efflux
pumps are expressed more in the biofilm state compared to the planktonic state (Poole, 2001)
attributing to the biofilm’s resiliency. Novel methods and materials are needed to disrupt harmful
microbial biofilm communities that develop around one or more keystone species. For instance,
Streptococcus mutans is a facultatively anaerobic, sucrose fermenting bacterium important for
dental plaque formation and cavity formation.
Nanoparticles
Nanoparticles (NPs) encompasses a small niche in the world of nanomaterials.
Nanoparticles measure from 1 – 100 nm in at least one dimension. Many exist naturally, some
are synthesized by organisms, are created as a by-product of human activity, and are purposely
produced to perform specialized functions. MCNPs can be classified as either organic, when
made from molecules like dendrimers, liposomes, and polymeric nanoparticles, or can be
8

classified as inorganic, when comprised of fullerenes, quantum dots, and gold. MCNPs can be
given types of protective coatings that provide some beneficial function, such as to prevent
agglomeration of particles in suspension or a synthetic polymer that acts as a stabilizing agent for
metal MCNPs (Leyen, 2019). As an example, silver MCNPs (Ag NPs) are coated in
polyvinylpyrrolidone (PVP), a synthetic polymer that chemically stabilizes the NP against
oxidation (Liu, 2013; Desireddy, 2013). Form and function of nanoparticles are dictated by the
material for which it is composed of. Liposomes are lipid-based vesicles that are extensively
explores and the most developed nanocarriers for novel and targeted drug delivery (Bhatia et al,
2016). Liposomes, depending on their size and number of bilayers, can be classified into three
basic types: Multilamellar, Small unilamellar, and Large unilamellar vesicles. Furthermore,
liposomes are prepared with distinct structure, composition, size, and flexibility with variety of
surface modifications, making the most intelligent carrier system for both active and passive
delivery of bioactive (Bhatia et al, 2016). Carbon based nanomaterials (CBNs) are simply carbon
atoms bonded in varies ways to create distinct shapes. CBNs exert an effective biocidal action
against a broad spectrum of bacteria, viruses, and fungi, including multidrug-resistant strains
(Salesa et al., 2019; Innocenzi et al., 2020; Wang et al., 2014). CBNs have shown potent
antiviral activity against a broad range of enveloped positive-sense single-stranded RNA viruses,
including SARS-CoV-2 (Łoczechin et al., 2019). The development of CBNs as antiviral agents
is possible because they possess a high surface area that allows their functionalization which
further enhances their biocompatibility and therapeutic efficacy (Serrano-Aroca et al., 2021).
Because of the widespread use of anthropogenic nanoparticles, it is inevitable that some of these
manufactured MCNPs will leak into the environment, for example in waste streams. It is
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important to understand nanoparticles in waste and in the environment and to understand the
effects that they may have on animals and microbes.
Antimicrobial Properties of MCNPs
Depending on the composition of the nanoparticles it can possess properties that may
cause lethal effects in microbes. In the case of MCNPs their most prominent feature is their
ability to release metal ions when exposed to air, water, or saline solutions. The metal ions
released from MCNPs were found to interact with the thiol (-SH) groups, in proteins and
enzymes, reducing them to metal atoms the interaction of metal ions and thiol groups inactivates
the essential metabolic proteins for respiration (Raghunath & Perumal, 2017). Metal ions will
also interact with the thiol groups in the peptidoglycan layer, disrupting the cell wall making it
permeable to MCNPs (Raghunath & Perumal, 2017). Once in the cells the MCNP can induce the
generation of reactive oxygen species (ROS) triggering oxidative stress.
MCNPs induce oxidative stress in both eukaryotic cells and bacterial cells. Oxidative
stress is a state of redox disequilibrium, which occurs when ROS production exceeds the
antioxidant defense capacity of a cell (Deres et al., 2005). Normally ROS, which include
superoxide anion, hydrogen peroxide and the hydroxyl radicals are used for cell signaling are
tightly regulated by the cell to prevent internal cellular damage. MCNPs induce the generation of
ROS by interacting with molecular oxygen on reactive sites on the surface of the NP. Elevated
levels of ROS are associated with molecular damage to cellular components and, consequently,
tissue injury in animals (Swanson, 2011).
Enzymatic disruption can be caused by nanoparticles. Respiratory enzymes including
succinate dehydrogenase and ATP synthase are damaged by ROS generated from MeO-NPs,
which eventually results in cell death (Raghunath & Perumal, 2017). This oxidative stress has
10

been observed in many metal-containing NPs. In the case of AgNPs, silver acts as a weak acid
and has the tendency to react with bases such as sulfur and phosphorus, which are main
constitutes of protein and DNA. This results in AgNPs causing damage to DNA and inactivating
proteins which will lead to the cells death (Raghunath & Perumal, 2017). Cytochrome P450
(CYP450) is an enzyme that is found abundantly in the brain and liver, it metabolizes exogenous
and endogenous compounds, such as antidepressants, opiates, steroids, arachidonic acid,
dopamine, and serotonin (Wang, 2019). It is understood that CYP450 expression can be
regulated by oxidative stress via the activation of nuclear transport (Tolson, 2010). Copper NPs
(Cu NPs) increase ROS generation and decrease antioxidant enzyme activity (Zhang, 2015).
When rats were exposed to Cu NPs for 28 days their brain CYP450 protein expression levels
decreased (Wang, 2019). The associated changes of CYP450 may be important for the
development of drugs that act and are metabolized locally in the brain, as well as therapeutics
that directly target brain CYPs (Navarro-Mabarak et al., 2018).
Not all metal containing MCNPs are toxic. In the food industry TiO2 (E171) has been
applied as an additive to enhance the white color of certain products, such as sweets or milkbased products (Musial, 2020). TiO2 NPs unlike other MeO NPs does not generate ROS in
bacterial or animal cells, instead they react with cellular structures that are involved in the
process of respiration and block ROS formation (Musial, 2020). To simulate long-term, low dose
ingestion of E171 in humans, TiO2MCNPswere injected in Wistar rats for 60 days and were
found to possess genotoxic effects (Grissa, 2015). Intragastric E171 exposure was observed
increasing tumor progression markers and enhanced tumor formation in the distant colon in a
murine model (Urrutia-Ortega, 2016). Although it should be noted that TiO2MCNPsdid not
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induce tumor formation itself but led to dysplastic changes in colonic epithelium and a decrease
in goblet cells (Musial, 2020).
The morphology of MCNPs can have an effect on how well the NP performs as an
antimicrobial agent. Ag NPs between the ranges of 1 – 10 nm were observed to attach to the
surface of a cell membrane and drastically disturb its proper function (Morones, 2005).
Nanoparticles can cause toxicity to microbes by physically damaging membranes and cell walls.
Ag NPs with diameters of 10nm, 75nm, and 110nm were studied for their bacterial toxicity. The
Ag NP with a diameter of 10nm had the greatest bacterial toxicity on microbial populations in
the ileum and the most pronounced impact on host gene expression (Williams, 2014). A similar
study collected data from mammalian ileal tissues that were exposed to Ag NPs and found that
NP size and bactericidal activity were negatively correlated (Williams, 2014). Depending on the
method used to create MCNPs the morphologies displayed could be from a selection of varieties
including nanocubes, nanoprisms, nanospheres, triangular nanoplates, and rod-like shapes.
MCNPs bacterial toxicity can vary depending on the morphologies the MCNPs take up.
Triangular Ag nanoprisms exerted greater bacterial toxicity due to the sharp edges of the
triangular shape. Truncated triangular Ag NPs displayed stronger biocidal action than spherical
and rod-shaped NPs. The morphology of Ag NPs affects antibacterial activity in terms of
specific surface areas and facet reactivity and those with larger effective contact areas and higher
reactive facets exhibit stronger antibacterial activity (Li, 2018).
Nanoparticles and The Microbiome
Some nanoparticles, such as ZnO, possess properties that are effective against microbes
which makes them useful as preservatives in the food and medical industries. The whitening
imparted by ZnO is further utilized as a processed food coloring agent, for example in frostings.
12

The unregulated use of MCNPs in these industries could allow MCNPs to be leaked into the
environment and pose a potential threat to humans, animals, plants, insects, and microbes.
Certain MCNPs pose a threat to living organisms and can disrupt the gut microbiome and the
intestinal epithelial barrier of living organisms (Li, 2018). A disruption of the gut microbiome,
also known as dysbiosis, which is linked to medical conditions including, colitis, inflammatory
bowel disease, diabetes, and metabolic syndrome (Williams, 2014). Better understanding of NPs,
in particular metal-containing nanoparticles, on the microbiota will provide us with the
knowledge necessary to avoid the negative adverse effects that MCNPs may possess.
Copper oxide nanoparticles (CuO NPs) were found to disrupt the microbiome of
collembolans, which are primitive hexapods known as spring tails. The Cu exposure has a
profound influence on the gut microbiota of collembolans both decreasing their microbial
diversity and shifting their microbial community structure (Ding, 2020). Hens exposed to Zinc
Oxide NPs (ZnO NPs) and had their ileal microbiota sequenced and the bacterial community
richness of the ileum was reduced as the dosage of MCNPs increased (Feng, 2017).
Lactobacillus is the predominant bacterium in animal and human ileum, and it was observed that
it had a negative correlation with ZnO NP exposure. This change to the composition in the avian
intestinal microbiota can be problematic (Ghebretatios, 2021). Distinct species may react
differently to nanoparticles.
In some circumstances MCNPs may be beneficial in terms of their effect on the
microbiota. A study administered AgNPs in the drinking water of experimental mouse models
with ulcerative disease and Crohns disease. Interestingly, the AgNPs effectively alleviated the
colitis of the mice (Li, 2018). ZnO NPs have similarly been indicated to have positive impacts on
the gut microbiota of some host animals. The bacterial richness and diversity of the microbiota in
13

the ileum of piglets were increased when exposed to ZnO NPs (Xia, 2017). In contrast to the
case with chickens, when administered to piglets, ZnO nanoparticles have a growth promoting
effect (Pei, 2018). Copper containing nanoparticles, such as tribasic copper chloride (TBCC), are
commonly used for growth promotion in animal farming and can bolster aspartate transaminase
(AST) and the levels of antioxidant enzymes such as super oxide dismutase (SOD) (Zheng,
2017). In humans and other animals, MCNPs could play a key role in the future treatment of GI
diseases. However, many of the mechanisms, particularly those related to perturbation of host
microbiome, are unknown and research is needed to comparatively assess the effect of disparate
MCNPs on model organisms (Ding, 2020; Ghebretatios, 2021).
Nanoparticles and Biofilms
Biofilms are dynamic entities, with their structure and material/chemical properties
continuously mediated by biochemical and physicochemical factors which are, in turn,
influenced by the local environmental conditions (Petosa et al., 2010). This interplay adds to the
complexity of NP transport into biofilms (Fulaz et al., 2019). Interactions between MCNPs and
biofilms can be described by three sequential mechanisms (Ikuma et al., 2015): transport of
MCNPs to the biofilm–fluid interface; attachment to the biofilm surface (outer region); and
migration within the biofilm. At each of these steps, the interactions are a complex interplay of
factors such as, EPS matrix viscosity, cell density, liquid flow, external mass transfer resistance,
physicochemical interactions of the MCNPs with EPS components, and the characteristics of the
water spaces (pores) within the EPS matrix (Miller et al., 2015). On first coming into contact
with a biofilm, MCNPs interact with a complex mixture of macromolecules that alters their
surface properties, and the different properties are ascribed to the so-called ’biomolecular
corona’ (Mu et al., 2014; Ke et al., 2017), often referred to as a ’protein corona’ (Doctor et al.,
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2015). The nature of this corona influences the NP–biofilm interactions (Ikuma et al., 2015) by
altering the physicochemical characteristics of MCNPs such as the size, shape, surface charge,
hydrophobicity, and functional groups. In depth research has yet to be done on the interactions of
MCNPs and biofilms. Studies need to be conducted on the properties of the protein corona and
their effect on the nanoparticle’s antimicrobial ability.
Accordingly, the goal of this study was to determine the efficacy of MCNP on the
destruction of biofilms. It was hypothesized that: MCNPs are able to inhibit biofilm formation of
a pure cultured biofilm and a mixed community biofilm culture. The study also focuses of the
effect than MCNPs may possess when introduced to the microbiome of Girardia tigrina. It was
hypothesized that MCNPs are able to change the microbial composition of the gut microbiota of
Girardia tigrina.
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Materials and Methods
Preparation of Nanoparticles
In this study the process of metal electrolysis was used to create the MCNPs. Metal
electrolysis involves a metal anode, such as zinc, whose electrons are to be sacrificed to a metal
cathode, such as copper. The transfer of electrons oxidizes the anode thus creating metal
nanoparticles, in this case Zinc Oxide NPs (figure 1). It is a facile and cost-effective technique
for the production of nanoparticles which are insoluble in aqueous or non-aqueous electrolytes
(Pourmortazavi et al., 2015).
Tribasic Copper Chloride (Cu3Cl), Silicon (Si), Zinc Oxide (ZnO), and Silicon Copper
(SiCu) nanoparticles were used for this study and were synthesized by Kolasinski Labs and the
Pisciotta Lab at WCU. For the creation of ZnO and TBCC NPs, 100ml of 100nM NaCl solution
was added to a 110 ml serum bottle with a rubber stopper. The copper cathode, ~5cm in length,
and the appropriate anode, ~7.5 cm in length, (Iron for TBCC and Zinc for ZnO) was pushed into
the stopper until about 0.5 - 1 cm of the wires were exposed on the top and without the wires
touching. A needle was placed through the stopper to allow the hydrogen gas to escape. An
Arksen DC Power Supply 303D was set to 10V and was allowed to run for 1 hour under a flow
hood, to properly dispose of the H2 gas (Figure A). The NPs, depending on the type of metal,
may interfere and decrease the current of electricity from the power supply. Periodically, during
the process gently swirl the bottle to allow the MCNPs to detach from the anode to prevent any
interactions between cathode and anode. After the process, the serum bottle was then tilted on an
angle for 72 hours to allow the MCNPs to settle (Figure B). After the MCNPs settle to the
bottom of the serum bottle half of the salt solution was removed, without disturbing the NPs. A
vacuum flask and a filter funnel with a filter paper was used to separate the MCNPs from the
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suspension. A sterile serological pipette was used to transfer the NP suspension to the filter paper
(Figure C). The MCNPs suspension was slowly dripped onto the filter paper to cover it entirely
without going over the edges. The filter paper with the MCNPs (figure D) was then placed in
empty petri-dishes and set in a 55°C incubator to dry. The dry MCNPs were collected into a 1.5
ml Eppendorf tube.

Figure 1) ZnO NPs beginning to form on the Zn anode.
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Figure 2) Serum bottle laid on test tube rack to allow ZnO NPs to precipitate for easier
extraction.

Figure 3) Filtering out TBCC NPs from the suspension. Cloth between the funnel and flask to
create better suction.
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Figure 4) Dried ZnO NPs on quantitative filter paper.
Mix Biofilm Sampling
Sterile cotton swabs were used to sample areas suspected of having biofilm growth. After
swabbing the sampled were placed in 15 ml Falcon tubes containing lysogeny broth. Three areas
were suspected of having biofilm growth; the office aquarium in the biology department at West
Chester University of Pennsylvania (WCUPA), A mix of three protist jars from Columbia
(Arcella vulgaris, Paramecium bursaria, and Euplotes), and the inside of a hose used to dispense
DI H2O in Merion Lab 312 at WCUPA.
Two plates were created, one was incubated at 31°C with shaking at 200 rpm while the
other plate was incubated at 31°C without being shaken. Both plates were incubated for 48
hours. Each sample had 9 wells (3x3) each with 200μl of sample to have three replicates each in
triplicate. After incubation, the absorbance of the plates was measured at 595 nm using the
Synergy™ 2 Multi-Detection Microplate Reader by BioTek Instruments, Inc.
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Development of the Selected Biofilm
During previous biofilm and NP assays biofilms would tend to be distorted and washed
away during the rinse process of the crystal violet staining procedure. To prevent this from
happening in future experiments, a plastic-adherent biofilm was developed. Developing a plastic
adherent biofilm required the selection of the biofilm formers to ensure all microbes of the mix
culture participated in the structural integrity of the biofilm
Two hundred microliters of the original mixed biofilm suspension were aliquoted into a
well of a 96 MWP and was incubated for 5 days at room temperature in the dark. After
incubation the supernatant was removed, the biofilm was resuspended in 200 μl of LB and was
aliquoted into a new sterile well in the MWP. The second biofilm sample was incubated for 3
days at room temperature in the dark. This was repeated for a total of 5 wells with 3-day
incubation at room temperature in the dark. After the fifth well was incubated the resuspended
biofilm was transferred into a 15 ml falcon tube containing LB. The resulting biofilm should be
selected for plastic adherence.
Preparation of Biofilm Culture for Nanoparticle Testing
The bacteria used to form the biofilm (biofilm formers) were allowed to enter Log phase
of growth by incubating the suspension at 37°C for 2 hours. The biofilm suspension consisted of
20 ml of Lysogeny Broth (LB) in a 50 ml Falcon tube with 10 μl of the bacterial biofilm
suspension. After incubation, the absorbance was measured on the spectrophotometer at 600 nm.
The suspension was diluted with LB until an OD of 0.05 was reached which equates to roughly
5.0 x 107 CFU/ml.
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Dilution of Metal Containing Nanoparticles
Three separate series of experiments—with identical experimental setups—were run in
triplicate to assess the effect of ZnO, CuSi, and TBCC NPs in 200 μl samples. Stock NP
suspensions of 1 mg/ml and 2 mg/ml were created by weighing out MCNPs and mixing with
deionized water in 1.5ml Eppendorf tubes. The studied NP suspensions at different
concentrations were aimed at 0.01, 0.10, 0.15, 0.25, 0.50, 1.00 mg/ml final NP nominal
concentration in each well. The experimental NP suspensions were diluted with Lysogeny broth
(LB). The proportion of LB in the negative and positive control was the same as in the NPscontaining samples
Biofilm Nanoparticle Treatment
A flat bottomed, clear, 96 multi-well plate (MWP) was used to grow and measure the
biofilm growth of Staphylococcus aureus F-182 and the glass-adherent aquarium-derived
biofilm. The first two rows were reserved for the positive and negative control. The other six
wells are used for the experimental samples. 100 μl of NP concentration was aliquoted to each
well starting with the lowest concentration. 100 μl of biofilm suspension was then added to each
experimental well and to the positive control well. 200 μl of LB was added to the negative
control well and 100 μl was added to the positive control well. Each well of the MWP had a final
volume of 200 μl.
The Synergy 2 spectrophotometer was used to measure the absorbance and represent
growth of biofilm. An initial time point 0 absorbance was measured at 595 nm. The mixed
community biofilm samples were incubated at room temperature for 24 hours in the absence of
light. The S. aureus biofilm samples were incubated at room temperature for 48 hours in the
absence of light. An absorbance reading was taken after incubation of the MWP at 595 nm. The
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samples of the MWP were then stained and had the absorbance measured to quantify biofilm
growth.
Sample 1
1

2

Sample 2
3

4

5

6

Sample 3
7

8

9

10

11

12

+
0.01 mg/ml
0.10 mg/ml
0.15 mg/ml
0.25 mg/ml
0.50 mg/ml
1.00 mg/ml

Table 1. Lay out of MWP for biofilm assay. First row was reserved for positive control and the
second row was reserved for the negative control. Remaining rows contained NPs, increasing in
concentrations in descending order. Each sample was tested in 3 replicates as indicated by the
highlighted columns.
Biofilm Staining
To better visualize the biofilm in the spectrophotometer 200μl of crystal violet stain (CV)
was added to the positive control, negative control, and experimental wells. CV was left in the
wells for a at least 5 minutes to ensure the biofilm was fully saturated with CV. After the 5 min
the CV dye was disposed of and the MWP was submerged in water to remove the CV that has

22

not bound to the biofilm. The MWP was submerged three separate times, each time with fresh
water in order to remove as much excess dye as possible. In order to dry the MWP it was blotted
dry on paper towels until all excess liquid was removed. If blotted to aggressively there is a
possibility for the biofilms to detach and obscure results. To quantify the stained biofilm the 96microplate spectrophotometer was set to 595nm and the absorbance of the MWP was measured.
Planaria Nanoparticle Assay
Girardia tigrina planaria of similar age and size (approximately 4 – 6 nm) were
purchased from Carolina Scientific and cultivated in artificial pond water at room temperature.
The planaria were kept at room temperature (24°C) and in the absence of light. One planarian
was used for each replicate for experimental sets and controls. For each nanoparticle type tested,
there were to be three replicates for each concentration. A negative control set devoid of MCNPs
was included to examine the natural microbiome. Before exposure to MCNPs the planarians
were starved for seven days before exposing them to nanoparticles, this is to prevent DNA from
the food from interfering with the microbial DNA (Leynen, 2019).
For exposure with nanoparticles, each experimental planarian set was be placed in 10 ml
of artificial pond water (APW, NaCl, 6 mM; NaHCO3, 0.1 mM; CaCl2, 0.6 mM) in sterile plastic
Petri plates containing the desired nanoparticle concentration (1-10 mg/ml). The plates were kept
in a dark place at room temperature for 7 days. Planarian worms were monitored each day of the
testing period. Planarian survival, motility and behavior was observed and recorded for toxicity
and adverse effects of the MCNPs. Worms were exposed to 10 ml of unadulterated APW for the
untreated control.
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Biolog EcoPlate™
The Biolog EcoPlate™ is a low-cost, convenient, and rapid technique for investigating
the physiological diversity in the environment and provides information about community-level
physiological profiles (CLPP) (Nemeth et al., 2021). The EcoPlate™ contains 96-wells that
contain pre-dried carbon sources and a tetrazolium violet redox dye that turns purple if the added
microorganisms utilize the carbon source (Bochner, 1989). The study investigated the timedependent effect of MCNPs on the biodiversity and functionality of the microbiota of Girardia
tigrina.
Planarian samples were exposed to 0.1 mg/ml of MCNPs suspension for 1 week before
transfer to Biolog EcoPlate™. After exposure the planarians were washed of any NP residue in
Sterile DI H2O and planarians that were exposed to the same NP were combined into 1.5mL
Tubes. The planarians were homogenized in 200μl of PBS using a disposable polypropylene
pestle and poured into PBS glass vial with 15ml of PBS. The vial was vortexed and 120-150μl of
suspension was aliquoted into each well the 96 wells of the EcoPlate™. The plate was incubated
at room temperature (25°) and had its absorbance measured at 590nm every 24 hours for 6 days.
Microbiome Analysis
After exposer to MCNPs the 1.5 ml microcentrifuge tubes, which contain the planarians
and their respected MCNPs, had the APW removed from the tube. 1ml of sterile APW was
introduced into the microcentrifuge tube to rinse the planarian with DI H2O to remove of any
remaining MCNPs. The planarian was then placed into a new sterile 1.5 ml microcentrifuge tube.
This was done to the remaining planarian and the replicates were combined into the same
microcentrifuge tube to ensure that there is enough DNA for a complete and reliable genome
sequencing. The samples of planaria were frozen at -80°C with minimal APW in the tube to keep
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the planarians intact. The samples were frozen to ensure that the planarians microbiome does not
change while in the absence of MCNPs. The samples were then shipped on dry ice to Zymo
Research Corp. (Irvine, Ca) to have the DNA analyzed using the 16S rRNA gene full-service
library preparation, sequencing, and bioinformatics pipeline. Zymo sample submission forms
were followed, and the samples were shipped on dry ice in 1.5ml Eppendorf tubes with the APW
removed.
Statistical Analysis
The IBM® statistical program SPSS, or Statistical Package for the Social Sciences was
used to measure for statistical significance between average biofilm growth per nanoparticle
concentration. One-way ANOVA with Dunnett's post hoc test was used to measure significance
of biofilm assays.
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Results
Biofilm growth inhibition by metal containing nanoparticles
Metal containing nanoparticles specifically ZnO, CuSi, and TBCC are able to inhibit the
growth of biofilms of pure culture and/or mixed community bacterial biofilms. Depending on the
type of nanoparticle used we observed varying degrees of biofilm inhibition. Zinc Oxide MCNPs
inhibited both the pure culture bacterial biofilm of Staphylococcus aureus (Figure 7) and the
mixed community biofilm of the plastic-adherent biofilm (Figure 5 and 6). In figure 3 the S.
aureus biofilm was fully inhibited when exposed to 0.3 mg/ml of ZnO NPs and was shown to
have a negative correlation with ZnO NP concentration. Figure 5 displays the mixed community
biofilm having significant inhibition at ZnO NP concentration of 0.25 mg/ml and a negative
correlation with NP concentration. The selected mix biofilm, shown in figure 6 had significant
inhibition at 0.50 and 1 mg/ml of ZnO NPs. There was also the negative correlation trend present
and a prominent drop in biofilm presence from concentrations of 0.15 and 0.25.
CuSi NP inhibited the selected mixed community biofilm and pure culture of S. aureus F182. In figure 8 CuSi NP inhibited biofilm growth of the selected mix biofilm at almost all
concentrations except for 0.15 and 0.25 mg/ml. There was significant biofilm inhibition (p-value
< 0.001) at 0.50 mg/ml and complete inhibition of biofilm growth at 1 mg/ml. There was no
observable trend between the growth of the selected mix biofilm and the concentration of CuSi
NP. The pure culture S. aureus F-182 was strongly inhibited by CuSi NPs, shown in figure 9, at
concentrations of 0.25, 0.50, and 1 mg/ml. The lowest concentration of 0.01 mg/ml the MCNPs
had little to no effect on biofilm growth. However, the next concentrations, 0.10 and 0.15 mg/ml,
showed a noticeable decrease in biofilm presence but with no statistical significance. The final
three concentrations, 0.25, 0.50, 1 mg/ml, strongly inhibited biofilm growth (p-value = 0.001).
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TBCC NPs were observed to have inhibitory effects on the selected mixed community
biofilm (Figure 10). However, unlike ZnO and CuSi, TBCC does not seem to be able to inhibit
the growth of pure culture biofilms (Figure 11). Show in figure 10 the latter concentrations of
TBCC, 0.50 and 1 mg/ml, had a significant effect on the growth of the selected mixed
community biofilm. The absorbance values of the concentrations that contained less than 0.50
mg/ml of MCNPs had similar values to the positive control that contained no NPs. Indicating
that concentrations less than 0.50 mg/ml had little to no effect on biofilm growth. In figure 11,
TBCC was not able to significantly inhibit biofilm growth of S. aureus F-182. All concentrations
of TBCC NPs had similar non-significantly different absorbance values compared to the positive
control.
Biolog EcoPlate™
Substrate utilization of the unexposed planarian microbiome showed low activity for
carbohydrates, and amines and amides. Slightly higher absorbance was measured for, carboxylic
and ketonic acids and for amino acids. Polymer utilization had the highest absorbance among the
substrates (Figure 12). The microbiotas that have been exposed to the MCNPs follow similar
patterns as described for the control. The total average well color development (AWCD) was
used to visualize major differences between the control and the microbiota that have been
exposed to NPs. CuSi can be seen at a higher absorbance in figure 9 however there was no
statistical significance found.
Planaria Girardia tigrina Toxicity to MCNPs
The toxicity of MCNPs on planaria was to assess the ideal NP concentration for exposure
to the microbiome without causing adverse effects or death. At concentrations of 1, 2, 5, 10, and
20 mg/ml of CuSi NPs, twitching behavior was observed when first introduced into the
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suspension. CuSi NPs caused the highest mortality rate among the MCNPs with 12 planaria
perishing out of 18 after a week of exposure (Figure 19). Planaria when exposed to ZnO NPs
also displayed signs of toxicity by twitching when introduced to the suspension at concentrations
of 2, 5, 10, and 20 mg/ml. Of the 18 planaria exposed to ZnO NPs 10 had perished after a weeklong exposure (Figure 19). Planaria exposed to TBCC NPs showed no signs of toxicity and
displayed normal behavior during exposure. TBCC is much less toxic compared to ZnO and
CuSi due to the survival rate of the planarians exposed to TBCC NPs. Of the 18 planaria that
were exposed to TBCC all 18 had survived the week-long exposure (Figure 19). A significance
in mortality among planaria was found when exposed to various concentrations of CuSi NPs (X2
= 12.0, p = 0.035) and ZnO NPs (X2 = 12.6, p = 0.027).
Microbiome Composition of Girardia tigrina
The microbiome of a Girardia tigrina that was not exposed to MCNPs consisted mainly
of Betaproteobacteria (89.5%), followed by Gammaproteobacteria (6.1%), Sphingobacteria
(2.9%), Aphaproteobacteria (0.7%), and other non-classified bacteria (0.7%) (figure 14) The
majority of the microbiome composition is occupied by bacteria in class Betaproteobacteria and
by one species: Pseudorhodoferax sp49091 dominating representative in the class
Betaproteobacteria at 88.7% (Table 2).
As revealed by metagenomic sequencing analysis, ZnO NP exposure caused the
microbiome of Girardia tigrina to undergo changes in its composition. There was a pronounced
shift in microbial composition in favor of Gammaproteobacteria, occupying 88% of the
microbiome, while Betaproteobacteria was reduced to only 3.6%. The same species prevalent in
the untreated control, Pseudorhodoferax sp49091, was still detectable at 1.6% of
Betaproteobacteria (table 2). Within Gammaproteobacteria there was no one dominating species
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in the class. Sphingobacteria was not affected as much residing at 2.6% and Alphaproteobacteria
was increased to a composition of 2.5% along with other classes that were uncategorized at 3%.
TBCC NPs induced limited change in the adult Girardia tigrina microbiome. Despite the
smallest induced change compared to ZnO, and CuSi, TBCC still follows the pattern observed by
ZnO NPs, regarding the two bacterial classes Betaproteobacteria and Gammaproteobacteria.
Betaproteobacteria composition was decreased to 52.2% from 89.5% in the untreated control,
with Pseudorhodoferax sp49091 dominating the class with 50.7%. Conversely,
Gammaproteobacteria had a composition value of 45% greater than the control that was void of
NPs. Sphingobacteria’s composition was at 1.1%, Alphaproteobacteria was at 0.8%, and others
was found to be 0.7%.
A similar pattern of community shift observed in ZnO NP exposure was seen in CuSi
NPs but not to the same magnitude. The composition of Gammaproteobacteria was increased to
48.3% from 6.1% and Betaproteobacteria was decreased to 18.7% from 89.5%. The dominant
species in unexposed planaria, Pseudorhodoferax sp49091, was observed sharing a third of the
class Betaproteobacteria at 6.3% down from 88.7% (Table 2). CuSi NPs increased the other
classes of bacteria such as Sphingobacteria at 9.5% from 2.9%, Aphaproteobacteria at 9.9% from
0.7%, and other uncategorized bacteria to 12.8% from 0.7%. Unlike the other MCNPs that were
used in this study, CuSi NPs stood out during this experiment by altering the diversity of the
planarian microbiota.
Alpha Diversity
The microbiome of the untreated control Girardia tigrina was found to harbor 27
different species of microbes and had a Shannon-Weiner Index of 0.97. The ShannonWeiner Index was used to measure diversity to better account for species richness and evenness
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compared to using species richness alone to measure diversity. TBCC NPs had little to no effect
on species richness and had 28 observed species (figure 15), similar to the control. However, the
Shannon index for the microbiomes that were exposed to TBCC NPs was 1.64 (figure 16) which
is considerably higher than the Shannon index of the control. This increase in diversity may be
due to species evenness experienced by the microbiomes that were exposed to TBCC NPs which
can be seen in microbial composition (table 2).
The number of metagenomically-detectable bacterial species of the microbiome varied
among the planarians that were exposed to MCNPs. Paradoxically, ZnO NPs increased species
richness and had 42 observed species which exceeded that of the control and TBCC NPs. By
decreasing the dominant bacterial species of the microbiome other previously undetectable minor
constituent species of bacteria were able to increase in abundance to above a sequencing
detection threshold to contribute to the species richness of the microbiome. Exposure to ZnO
NPs resulted in a Shannon index of 1.36 which is lower than the index of the microbiome
exposed to TBCC NPs. Even with ZnO NPs exposure creating an environment for a greater
number of species, the microbiota had 88% occupied by bacteria from the class
Gammaproteobacteria. The microbiota that was exposed to TBCC NPs had only 45% occupied
by Gammaproteobacteria and 52.2% in Betaproteobacteria which would result in the higher
alpha diversity.
CuSi NPs increased species richness of the microbiota by a greater sum than the other
MCNPs and control and was observed to have 61 species (figure 15). This substantial increase of
species richness may be due to the antimicrobial properties of CuSi NPs and its ability to
oxidized at a faster rate than ZnO and TBCC. The oxidation which results in the generation of
ROS are able to cause more niches in the microbiome for a greater diversity. CuSi NPs are
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allowing the microbiome to have more species evenness by not allowing one class dominant the
entire microbiome such as with the untreated and ZnO and TBCC exposed microbiomes.
Planaira microbiome exposed to CuSi NPs had only 48.3% of its microbiome occupied by
Gammaproteobacteria which is the lowest number of bacteria allocated to one class when
compared with the control and microbiomes exposed to ZnO and TBCC NPs (figure 14).
Accounting for the substantial increase in species richness and evenness, planarian microbiomes
exposed to CuSi NPs had the highest alpha diversity between the studied MCNPs with a value of
3.51 (figure 16).
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Discussion
Nanoparticles Inhibited growth of Mixed and Pure Culture Biofilms
ZnO NPs at concentrations lower than 0.25 mg/ml do not have inhibitory effects on
bacterial biofilms. From the conducted experiments ZnO NPs begins to show signs of inhibition
when concentration of MCNPs reaches at least 0.25 mg/ml. Figure 9 shows significant biofilm
inhibition of the mixed community biofilm at 0.25 mg/ml (p < 0.001). Figures 6 and 7 also show
significant biofilm inhibition of the selected mix and S. aureus F-182 biofilm at concentrations
greater than 0.25 mg/ml (p < 0.001; p = 0.001). ZnO NPs was best able to inhibit biofilm growth
at the higher concentrations for pure cultures and for mixed community biofilms. The mixed
community biofilm and the selected mix had a higher tolerance to ZnO NPs than CuSi NPs as
they were able to withstand concentrations of 0.25 mg/ml and above while S. aureus was
completely inhibited at that same concentration. This could be due to the interactions between
different species of the mixed-biofilm community affecting one-another’s development,
structures, and functions (James et al., 1995; Harrison, 2007; Moons et al., 2009).
Throughout the study, the biomass of the mixed community biofilm was consistently
greater than the biomass of the single-species biofilm, as determined by the plate reader
spectrophotometer. The positive controls for the mixed biofilms had higher absorbance values
than the S. aureus biofilm absorbance values. Lee et al., 2014 also observed this phenomenon for
K. pneumoniae (KP-1), within the mixed-species biofilm the biomass was significantly higher
than of KP-1 single-species biofilm. This potentially suggests the presence of syntropy within the
mixed-species biofilm that allows it to achieve higher biomass than that of the single-species
biofilm. (Lee et al., 2014). The higher biomass the biofilm possesses the more resilient the
biofilm will be toward MCNPs and the lower the MCNPs to cell ratio. The microbial physiology
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of the mixed community biofilm equips it with the ability to become a more resilient biofilm
compared to a single-species biofilm.
This study exposed NPs to biofilm-forming microbial communities in the exponential
phase of growth. ZnO NPs was effective against mixed and pure culture bacterial biofilms at the
exponential growth phase. However, it has been previously observed that the antibacterial
properties of nanoparticles are significantly decreased at the lag and stationary phases (Dadi et
al., 2019). This may be reflection of ZnO NPs ability to disturb the process of bacterial DNA
amplification (Li et al., 2010). If ZnO NPs are disturbing the process of DNA amplifications,
then we should see inhibition during growth phases, when DNA amplification is at its highest, as
was demonstrated in this study. This was also demonstrated by (Kaur et al., 2021) when they
described ZnO NPs inhibiting bacterial adhesion to glass, plastic, and aluminum.
Copper Silicon NPs were able to reduce biofilm growth of both pure culture and mixed
community bacterial biofilms at the higher concentrations and the lower concentrations as well.
This can be seen in figures 8 and 9, the biofilm presence was more similar among most of the
concentrations, resulting them having no observable trend. However, in the cases of ZnO NPs
there was an observable trend between the NP concentrations and biofilm presence. Indicating
that ZnO has more inhibitory potential at high concentrations of 0.50 mg/ml or above, whereas
CuSi can be toxic at lower levels and may not be dose dependent below 1 mg/ml.
CuSi NPs ability to inhibit biofilms at low concentrations of 0.25 mg/ml or below may be
due to certain antimicrobial properties that copper holds. Cu undergoes oxidation more easily
than other metals (Bahadar et al., 2016; Struder et al., 2010) and Cu NPs dissolves and releases
ions into the surroundings faster than other noble metals (Sánchez-López et al., 2020). The
presence of metal oxide NPs and its ions induce the generation of ROS and increase their
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concentration within the cell. The copper mediated increase in ROS subject the cell to oxidative
stress and can lead to apoptosis (Applerot et al., 2012). The combination of faster ion release and
easier oxidation is what leads CuSi NPs to have more inhibitory effect of biofilms at lower
concentrations compared to ZnO and TBCC NPs.
In the case of the selected mixed community biofilm TBCC was able to inhibit biofilm
growth at 0.50 mg/ml and 1.00 mg/ml (figure 10). Both concentrations inhibited the growth of
the biofilm by the same magnitude as there was not significant difference in absorbance value
between the two concentrations. There was no observable pattern following the increase of NP
concentrations and absorbance values in figure 10. Against the pure culture S. aureus TBCC NPs
showed no signs of inhibitory effects against biofilm formation. In figure 7 it shows that the
positive control along with all concentrations of TBCC had similar absorbance values displaying
no inhibitory effects at any concentration (p = 0.003, error bars overlap). TBCC NPs were not
able to inhibit the growth of the pure culture S. aureus biofilm at any level of NP concentration.
Biofilm formers that were exposed to TBCC did not experience inhibition at the same
level as biofilm formers at were exposed to ZnO or CuSi NPs. This may be due to the fact that
TBCC is a less reactive and less destructive form of Cu when compared to copper sulfate (CS)
(Zheng et al., 2018). TBCC is low in toxicity, compared to CS, and has a high antioxidant
potential (Yu et al., 2021). MCNPs antimicrobial properties reside within their ability to induce
the generation of ROS that cause oxidative stress within the cell. This can only happen if the rate
of ROS production overrides the rate of ROS removal and if TBCC NPs are exhibiting
antioxidant properties than the microbes being exposed to TBCC NPs may not reach the requisite
concentration to induce lethal oxidative stress.
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Biolog EcoPlate™
Substrate utilization of the planarian microbiota showed no significant difference to the
microbiota that have been exposed to MCNPs. The experiment used 0.10 mg/ml of MCNPs to
expose the planarians and at this concentration no differences were found in the substrate
utilization. It may be ideal to run an experiment using higher concentrations of MCNPs;
however, the risk of killing the planarians would be introduced. The challenge was to find a
concentration where all planarians survived 1 week of exposure to a NP type.
MCNPs Toxicity on planaria
Planaria exposed to ZnO and CuSi showed signs of toxicity and ultimately perished when
the suspension was at least 1 mg/ml of MCNPs. CuSi showed higher levels of toxicity than ZnO
or TBCC by having 12 of the 18 exposed to CuSi NPs perish (Figure 19). This could be due to
the elemental nature of copper and how readily it oxidizes generating more ROS than ZnO and
TBCC. Planaria when exposed to ZnO or CuSi NPs have a dose dependent response (Table 4).
However, unlike CuSi when ZnO concentrations reached 20 mg/ml the planarians survived the
weeklong exposure period. Behaviorally, TBCC did not affect the planaria in a negative manner
such as was observed with ZnO and CuSi. TBCC was the safest MCNP to the planaria Girardia
tigrina in terms of mortality. Shown in figure 19 all of the planaria from all concentrations of
TBCC survived the week-long exposure. This may be due to the less reactive and less destructive
form of copper and how oxidation may not happen as readily as CuSi (Zheng et al, 2018). ZnO
and CuSi used in this study have shown promise as a toxic agent to the planaria G. tigrina.
Further toxicology studies will need to be conducted to confirm ZnO toxic properties at
concentrations ≥ 20 mg/ml and to confirm TBCC NPs nontoxicity to planaria.
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Microbiome Composition Shifted in Presence of Nanoparticles
The majority of the control bacterial flora from the Girardia tigrina planarian
microbiome belonged to the class of Betaproteobacteria 89.5% specifically, the species
Pseudorhodoferax sp49091. Bijnens et al., 2021 reported similar results when studying the
microbiome of the planarian S. mediterranea, stating that the microbiomes consisted mainly of
Betaproteobacteria before exposure to Ag NPs. Gammaproteobacteria was the other significant
class of bacteria found comprising 6.1% in the control microbiome. When exposed to ZnO,
CuSi, or TBCC NPs the planarian microbiome experienced a shift in its community composition
as determined by metagenomic sequence analysis. This shift was mainly between two classes of
bacteria found in the planarian microbiota: Betaproteobacteria and Gammaproteobacteria.
Interestingly, all MCNPs decreased the abundance of bacteria belonging to the class
Betaproteobacteria and increased the abundance of bacteria belonging to the class
Gammaproteobacteria. ZnO NPs had the most pronounced decrease in Betaproteobacteria (85.9%) and the most pronounced increase in Gammaproteobacteroa (+81.9%).
CuSi NPs decreased Betaproteobacteria (-70.8%) and increased Gammaproteobacteria
(+42.2%) but not to the magnitude of ZnO. CuSi instead facilitated a more diverse microbiome
compared to ZnO or TBCC. Sphingobacteria (+6.6%), Alphaproteobacteria (+9.2%), and Others
(+12.1%) had increased more in the presence of CuSi NPs than in the presence of the other NPs.
This profound increase of diversity may be due to the fact that the class Gammaproteobacteria is
the most diverse class of gram-negative bacteria. However, ZnO NPs increased their
Gammaproteobacteria class to a much higher percentage compared to CuSi NPs and had only the
second largest diversity from this study. CuSi NP treatment appeared to increase diversity by
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increasing the abundance of other classes such as, Alphaproteobacteria, Sphingobacteriia, and
other unspecified classes (table 16).
The planarian microbiome that had been exposed to TBCC NPs had a shift in community
composition that was more similar to the microbiome of the untreated control than the
microbiome exposed to ZnO NPs or CuSi NPs. Betaproteobacteria (-37.3%) decreased and
Gammaproteobacteria (+38.9%) increased exhibiting the smallest shift compared to ZnO NPs
and CuSi NPs. Pseudorhodoferax sp49091 remained the dominate species in the class
Betaproteobacteria following exposure to TBCC NPs.
In the present study, it was found that MCNP exposure can decrease the relative
abundance of Betaproteobacteria in G. tigrina while increasing the relative abundance of
Gammaproteobacteria. This shift in microbial community composition of the microbiome was
also observed with other species of planaria. When exposed to microplastics a microbial shift in
the microbiome was experienced by D. japonica. The abundance of Proteobacteria and
Bacteroidetes decreased while the relative abundance of Firmicutes, Actinobacteria, and
Acidobacteria increased (Han et al., 2022). When S. mediterranea was exposed to Ag NPs the
relative abundance of Proteobacteria and Bacteroidetes decreased in favor of Firmicutes,
Actinobacteria and Acidobacteria (Bijnens et al., 2021). As we learn more about the microbiome
and its importance it is crucial, that we understand how certain materials, such as NPs, may alter
the microbiome. Investigating the planarian microbiome such as G. tigrina may help us
understand more about the microbiome and how the composition and diversity play a role in the
organisms’ health.
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Figures

Figure 5. Mixed community biofilm growth in various concentrations of Zinc Oxide
nanoparticles over a 24-hour period. Mixed community biofilm formation is dependent on the
nanoparticle concentration. Nanoparticle concentrations of 0.25 mg/ml had significant
decreasing effects on biofilm formation (F = 18.744, p < 0.001). One-way ANOVA performed.
Normally distributed residuals (W = 0.953, p = 0.392) with equal variances (p = 0.217).
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Figure 6. Selected Mixed community biofilm growth measured in various concentrations of Zinc
Oxide MCNPs over a 24-hour period. Selected Mixed community biofilm formation is
dependent on the ZnO NP concentration. NP concentrations of 0.50 and 1.0 mg/ml had a
significant negative effect on biofilm growth (F = 45.225, p < 0.001). One-way ANOVA
performed. Normally distributed residuals (W = 0.927, p = 0.118) with equal variances (p =
0.072).
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Figure 7. S. aureus strain F-182 biofilm measured in various concentrations of Zinc Oxide
MCNPs over a 24-hour period. S. aureus strain F-182 biofilm formation is dependent on the ZnO
NP concentration. ZnO NPs inhibited biofilm formation at concentration 0.3 mg/ml (F = 8.032, p
= 0.001). One-way ANOVA performed. Normally distributed residuals (W = 0.946, p = 0.290)
with equal variances (p = 0.357).
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Figure 8. Selected Mixed community biofilm growth measured in various concentrations of
Copper Silicon NPs over a 24-hour period. Selected Mixed community biofilm formation is
dependent on the CuSi NP concentration. NP concentrations of 0.01, 0.10, 0.50 and 1.0 mg/ml
had a significant negative effect on biofilm growth (F = 16.629, p < 0.001). One-way ANOVA
performed. Normally distributed residuals (W = 0.935, p = 0.176) with equal variances (p =
0.009).
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Figure 9. S. aureus strain F-182 biofilm growth measured in various concentrations of Copper
Silicon NPs over a 48-hour period. S. aureus strain F-182 biofilm formation is dependent on the
CuSi NP concentration. Copper Silicon Nanoparticles inhibits biofilm formation of S. aureus
strain F-182 (F = 8.230, p = 0.001). NP concentrations of 0.25, 0.50, and 1.00 mg/ml
significantly inhibits biofilm formation.
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Figure 10. Selected Mixed community biofilm in varies concentrations of Tribasic Copper
Chloride NPs over a 24-hour period. Various concentrations of TBCC NPs had a significant
inhibitory effect on the biofilm formation (F = 10.093, p < 0.001). NP concentrations of 0.50 and
1.00 mg/ml had the greatest inhibitory effect.
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Figure 11. S. aureus strain F-182 biofilm growth measured in various concentrations of Tribasic
Copper Chloride NPs over a 24-hour period. S. aureus strain F-182 biofilm formation is not
dependent on the TBCC NP concentration. TBCC NPs had no significant inhibitory effects on
biofilm formation of S. aureus strain F-182 (F = 6.007, p = 0.003).
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Figure 12. Mean of substrate utilization of carbon substrates from different substrate groups by
Planarian microbial flora based on 168-h incubation (n=3). The error bars dictate that no
significance was found in substrate utilization between the microbes exposed to NPs. Substrate
grouping breakdown can be found in Table 3.
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Figure 13. Biolog EcoPlate™ Total Average Well Color Development (AWCD) of microbiota
flora from exposed Girardia tigrina, incubated over 168 hours. Made to visualize major
differences between total absorbance of microbiota flora and the effects of MCNPs of the total
AWCD. There is no significant difference between total AWCD of the tested NPs. ShapiroWilk: (W = 0.975, p = 0.780). Levenes statistic: (p = 0.780). One-Way Anova: (F = 0.414, p =
0.745)
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Figure 14. Microbial Composition by Class. Taxa composition plots illustrate the microbial
composition at different taxonomy levels from phylum to class.

47

Figure 15. Alpha Diversity Histogram Plot of observed number of species.
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Figure 16. Alpha Diversity Histogram Plot using the Shannon-Weiner index. CuSi has displayed
the highest diversity with a Shannon index of 3.5. Although ZnO has accounted for a higher
number of observed species TBCC has a higher Shannon index of ~1.5 when accounting for
species richness and evenness. Shannon index values taken from Figure 13.
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Figure 17. Alpha Diversity (Shannon–Wiener) Rarefraction Plots
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Figure 18. Mix Biofilm grown in a 96 MWP with various concentrations of CuSi NPs (mg/ml)
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Figure 19. Mosaic chart reporting mortality status of all planaria after week-long exposure to
various concentrations of MCNPs. Sample sizes of 18 planaria per MCNP type. There is a
significance in mortality when planaria are exposed to MCNPs. (ZnO NPs: X2 = 12.6, p = 0.027;
CuSi NPs: X2 = 12.0, p = 0.035). TBCC has no statistics due to the values being constant.
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Figure 20. MCNPs and planarian dose dependent toxicity study. ZnO (X2 = 12.6 p = 0.027);
CuSi (X2 = 12.0 p = 0.035)
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Tables

Table 2. Microbial composition of Girardia tigrina microbiota at species level.
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Table 3. Biolog EcoPlate™ carbon source guild groupings (Gryta et al., 2014)
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ZnO + Planaria

CuSi + Planaria

TBCC + Planaria

Live

Dead

Live

Dead

Live

Dead

0.1 mg/ml

3

0

3

0

3

0

1.0 mg/ml

1

2

0

3

3

0

2.0 mg/ml

1

2

2

1

3

0

5.0 mg/ml

0

3

0

3

3

0

10 mg/ml

0

3

1

2

3

0

20 mg/ml

3

0

0

3

3

0

Table 4. Mortality of planarian Girardia tigrina when exposed to various concentrations and
types of MCNPs. Ideal concentrations of MCNPs used to expose planarian microbiome were
pulled from toxicity data.
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